Background. The role of human bocavirus (HBoV) in respiratory illness is uncertain. HBoV genomic DNA is frequently detected in both ill and healthy children. We hypothesized that spliced viral capsid messenger RNA (mRNA) produced during active replication might be a better marker for acute infection.
Human bocavirus (HBoV), a DNA virus in the family Parvoviridae, was first identified in nasopharyngeal aspirates from children with respiratory tract infections (RTIs) [1] . Four genotypes have been recognized. HBoV type 1 has been detected in up to approximately 20% of respiratory tract specimens from children with RTI, while HBoV types 2-4 have been detected in stool and respiratory tract specimens from patients with diarrhea and RTI [2] [3] [4] . The diagnosis of HBoV infections has generally relied on amplification of viral genomic DNA from routine respiratory tract specimens [5, 6] . HBoV genomic DNA can be shed (continuously or intermittently) for up to 12 months following acute infections, often at low loads, which complicates epidemiologic studies [6] [7] [8] [9] [10] [11] [12] [13] [14] . Published studies have provided conflicting information on a potential association of HBoV with acute pediatric RTI. While several studies reported an association of HBoV detection with acute otitis media and RTI, including community-acquired pneumonia (CAP), especially in young children, others have found similar detection rates in controls [2, 6, 9, [15] [16] [17] [18] .
Importantly, most studies have not differentiated acute infections from prolonged shedding. More recently, it has been suggested that an increased HBoV load in respiratory specimens, viremia, and seroconversion can be used to differentiate acute infections from prolonged shedding [6, 7, 9, [19] [20] [21] [22] . In addition, a recent study in a limited number of children with RTI (n = 133) and asymptomatic controls (n = 28) demonstrated that spliced HBoV capsid messenger RNA (mRNA), as a measure for active viral replication, was more strongly associated with RTI, particularly lower RTI, than detection of HBoV genomic DNA [23] . Similarly, detection of mRNA has been used as a marker for acute infections with other parvoviruses [24] [25] [26] . On the basis of these findings, we hypothesized that spliced viral capsid mRNA produced during active replication may be a better marker than HBoV genomic DNA of acute RTI associated with HBoV infection. In this study, we tested our hypothesis by performing polymerase chain reaction (PCR) analysis for both spliced capsid mRNA and genomic DNA on nasopharyngeal (NP) and oropharyngeal (OP) swab specimens from 1295 children hospitalized with CAP and 721 children undergoing elective outpatient surgery who were asymptomatic at enrollment (controls). All participants were enrolled in the Centers for Disease Control and Prevention (CDC) Etiology of Pneumonia in the Community (EPIC) study, a large multicenter, prospective study of patients hospitalized with CAP [27] .
METHODS

Study Population
We included children aged <18 years who were hospitalized with CAP and enrolled in the CDC EPIC study at Primary Children's Hospital, Salt Lake City (Utah site), and at the Monroe Carell Jr Children's Hospital, Vanderbilt University, Nashville (one of the Tennessee sites) [27] . The Memphis, Tennessee, site was excluded from this analysis as this site did not enroll controls. Children hospitalized with clinical CAP (ie, acute infection as defined by fever/chills or hypothermia, leukocytosis, or leukopenia, in combination with acute respiratory illness) and radiographic CAP (based on detection of consolidation, other infiltrate, or pleural effusion) were enrolled from January 2010 to June 2012 [27] . Children undergoing elective outpatient surgery were enrolled as controls from February 2011 (at the Utah site) or March 2011 (at the Nashville, Tennessee, site; hereafter the "Tennessee site") to June 2012. Detailed laboratory and clinical information was collected per the EPIC study protocol (Supplementary Methods) [27] . All patients, controls, or their caregivers were asked to provide informed consent or assent as appropriate. The study protocol was approved by the institutional review board at each institution and the CDC.
Controls were excluded if they had fever or respiratory symptoms ≤14 days before or at enrollment, had received live attenuated influenza vaccine ≤7 days before enrollment, or were undergoing otolaryngologic surgery at the time of enrollment.
Respiratory Pathogen Detection
Viral and bacterial respiratory pathogens were sought per the EPIC study protocol as described previously (Supplementary Methods) [27] .
Nucleic Acid Extraction and Stability of Banked NP and OP Specimens
Specimens were refrigerated upon collection and, within a mean of 24 hours after collection, were frozen at −70°C and stored until the time of extraction (February 2010-July 2013 for the Utah site and September 2014 for the Tennessee site). Specimen stability was assessed as described in the Supplementary Methods.
HBoV Spliced Capsid mRNA Detection and Quantification
HBoV VP1/VP2 capsid mRNA splice variant R6 (assay 1) [28] of HBoV types 1-4 was amplified using primer HBoV-L1 (0.25 µM), an equimolar mix of primers HBoV-E3 and HBoV-E4 (1 µM each), probe HBoV-FAM1 (0.2 µM; Supplementary Table 1) , 5 µL of total nucleic acid, and the QuantiTect Probe reverse transcription (RT)-PCR kit (Qiagen; Figure 1A ) [28] . Assay 2 is described in the Supplementary Methods. Analytical sensitivity and quantitative results were calculated using in vitro-transcribed HBoV capsid mRNA as an external standard. To test for cross-amplification of HBoV DNA, the 5 specimens from the Utah site with the greatest HBoV DNA load (range, 5 × 10 8 -3 × 10 9 copies/mL) were tested for HBoV transcript R6 with and without a reverse transcription step (no amplification is expected without the reverse transcriptase step if genomic DNA is not cross-amplified).
HBoV Genomic DNA Detection and Quantification
HBoV genomic DNA was amplified using an equimolar mix of primers HBoV-L3 and HBoV-L4 (0.25 µM each), primer HBoV-E8 (1 µM), and detection probe HBoV-FAM6 (0.2 µM; , and capsid mRNA transcripts R3-5 (assay 2), modified from material published elsewhere [28] . The capsid mRNA detection assays span 2 different splice sites of alternate capsid mRNAs; nucleotide numbering from NC_007455. B, Five specimens with the highest viral DNA load at the Utah site were tested with (red) and without (blue) reverse transcriptase (RT), using the capsid mRNA detection assay. Only minimal cross-amplification was seen in the 3 specimens with the highest DNA load at levels that were 2.7 × 10 4 -1.6 × 10 5 -fold lower than the DNA loads in the corresponding specimens and 72-1300-fold lower than with the RT step.
Supplementary results. An external standard curve created using 10-fold serial dilutions of plasmids pHBoV1 was used to determine analytical sensitivity and quantify HBoV genomic DNA copies.
Statistical Analyses
Descriptive statistics were used to characterize the study cohort. Categorical variables were compared using the χ 2 test or the Fisher exact test, as appropriate. Normally distributed continuous variables were compared using the t test, and nonnormally distributed continuous variables were compared using the Wilcoxon-Mann-Whitney U test. For bivariate comparisons, odds ratios (ORs) and exact 95% confidence intervals (CIs) were calculated. Adjusted ORs (aORs) were derived from multivariable stepwise logistic regression models, using a P value of .05 as an entry and exit criterion. Stratified analyses were conducted among patients who were positive for spliced capsid HBoV mRNA, positive for HBoV DNA and negative for spliced capsid mRNA, and negative for HBoV, using 1-way analysis of variance. In our primary and stratified analyses, we included all enrolled controls.
To assess for potential biases, we performed a number of sensitivity analyses: (1) an analysis limited to controls who did not develop fever or respiratory symptoms in the 14 days after enrollment (to exclude individuals with incubating infection; Supplementary Methods), (2) an analysis limited to patients enrolled between February/March 2011 and June 2012 (concurrently with all controls, to address seasonal differences), (3) an analysis limited to controls with no subsequent symptoms after enrollment and to season-matched patients, and (4) an analysis limited to controls with no subsequent symptoms and to season-matched patients with no other respiratory pathogens detected per the EPIC study protocol (ie, those with HBoV monodetection).
All statistical comparisons were performed in a 2-sided fashion with an α of 0.05. The analyses were conducted using Stata 14.1 (StataCorp, College Station, TX) and R 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Study Population
Specimens were available from 745 children with CAP and 330 controls from Utah and from 550 children with CAP and 391 controls from Tennessee. Enrollment statistics and demographic information for children with CAP and controls are shown in Table 1 . Patients and controls in the 2 sites were generally similar (Supplementary Table 2 ). Controls were older than patients (median age, 4 years [interquartile range {IQR}, 1-9 years] vs 2 years [IQR, 1-6 years]; P < .001) and were more likely to be male (67% vs 54%; P < .001). Overall, 32% of children with CAP and 12% of controls had underlying medical conditions (P < .001).
Stability of Banked NP and OP Specimens and Analytical Performance of
HBoV qPCR Assays
Retesting of stored RNA (maximum storage duration, 41 months) from 21 specimens positive for respiratory syncytial virus demonstrated specimen stability (Supplementary Results  and Supplementary Table 3) .
HBoV genomic DNA was reproducibly detected at 10 copies per reaction (HBoV types 1 and 2) and 100 copies per reaction (HBoV types 3 and 4), whereas HBoV capsid mRNA was reproducibly detected at 100 copies per reaction (R6 and R3-5 capsid mRNA, types 1-4). Cross-amplification studies identified lowlevel amplification with the 3 specimens with the greatest HBoV DNA load (1.7 × 10 9 , 2.8 × 10 9 , and 3.5 × 10 9 copies/mL) but not with the 2 specimens with the next-greatest HBoV DNA load ( Figure 1B ). Cross-amplification resulted in false-positive capsid mRNA levels that were 72-1300-fold lower than true R6 transcript copy numbers (with reverse transcriptase). This minimal cross-amplification of genomic DNA in the 3 specimens with the greatest HBoV DNA load is unlikely to have significantly contributed to capsid mRNA detection.
Seasonality of HBoV Detection
In children with CAP, there were several peaks of HBoV capsid mRNA detection (March-July 2010, October-December 2010, and May-August 2011; Supplementary Figure 1) . HBoV DNA was detected year-round, with peaks that matched those observed for capsid mRNA (Supplementary Figure 1C) .
Detection of HBoV Capsid mRNA and Association With CAP
Overall, HBoV capsid mRNA was detected in 27 of 1295 children with CAP (2.1%) and 3 of 721 controls (0.4%; OR, 5.1 [exact 95% CI, 1. for the association between HBoV capsid mRNA detection and CAP; Figure 2 ). Overall HBoV prevalence was lower at the Tennessee site (1.3% in patients and 0.3% in controls) than at the Utah site (2.7% in patients and 0.6% in controls; Supplementary Figure 2 ). In the sensitivity analyses, the associations between HBoV and CAP were not significantly different than for the entire cohort ( Figure 2 ). The association between HBoV capsid mRNA detection and CAP was strongest when limited to participants with no other pathogens detected (4.3% of children with CAP and 0.5% of controls; OR, In multivariable logistic regression with adjustment for age, enrollment month, and detection of other respiratory viruses, detection of HBoV capsid mRNA remained strongly associated with CAP (aOR, 7.6 [95% CI, 1.5-38.4]). In the subanalyses by site, aORs for the Utah and Tennessee sites were similar despite the lower prevalence at the Tennessee site (Supplementary Figure 2) . Figure 2 ). HBoV DNA prevalence was lower at the Tennessee site (6.4% in patients and 6.4% in controls) than at the Utah site (13.4% in patients and 8.8% in controls; Supplementary Figure 2) . In the sensitivity analyses, the associations between HBoV and CAP were not significantly different than for the entire cohort (Figure 2 ). After adjustment for age, enrollment month, and detection of other respiratory viruses, detection of HBoV genomic DNA was not significantly associated with CAP (aOR, 1.2 [95% CI, .6-2.4]). Site-specific results are shown Supplementary Figure 2 .
Quantification of HBoV Genomic DNA and Capsid mRNA
Among children with detectable capsid mRNA, the median mRNA load was 1.5 × 10 4 copies/mL in children with CAP and 1.3 × 10 4 copies/mL in controls (P = .74, by the Mann-Whitney test; Figure 3A ). Among children with detectable HBoV genomic DNA, median viral loads were higher in those with CAP (6.8 × 10 2 copies/mL [range, 1 × 10 0 -1.7 × 10 9 copies/mL]) than in controls (3.7 × 10 2 copies/mL [range, 8 × 10 0 -8.4 × 10 8 copies/mL]; P < .001). In addition, the proportion of children with high HBoV DNA loads (>10 5 copies/mL) was greater in children with CAP than in controls (30 of Figure 3B ). When stratified by capsid mRNA status, median HBoV DNA loads were 5-6 orders of magnitude higher for capsid mRNA-positive children with CAP (7.4 × 10 7 copies/mL) and controls (4.6 × 10 8 copies/mL) than for capsid mRNA-negative children with CAP (4.8 × 10 2 copies/ mL) and controls (3.7 × 10 2 copies/mL; Figure 3C ).
Clinical and Laboratory Features of HBoV Capsid mRNA-Positive Children
With CAP
We compared children with CAP who were HBoV capsid mRNA positive to those who were HBoV DNA positive but capsid mRNA negative and to those without evidence of HBoV (neither capsid mRNA nor DNA positive; Table 2 ). Capsid mRNA-positive children with CAP were younger (median, 1.3 years [IQR, 0.8-1.5]) than HBoV DNA-positive children with CAP (median, 1.9 years [IQR, 0.9-5.9 years]; P = .01) or HBoV-negative patients (median, 4 years [IQR, 1-9 years]; P < .01). Capsid mRNA-positive children with CAP were more likely to have underlying conditions and less likely to have other respiratory pathogens codetected ( Table 2) .
As HBoV infections are more prevalent in young children, we limited the analysis to children aged <5 years (n = 1279; 885 children with CAP and 394 controls Figure 2 . Sensitivity analysis of association of human bocavirus (HBoV) DNA and capsid messenger RNA (mRNA) detection with community-acquired pneumonia (CAP) in children enrolled at Primary Children's Hospital (Utah) and Monroe Carell Jr Children's Hospital at Vanderbilt (Tennessee). Monodetection denotes that no other respiratory pathogens were detected, per Etiology of Pneumonia in the Community Study results [27] . Asymptomatic and concurrent analysis is limited to asymptomatic controls and patients enrolled after January 2011 for Utah patients and after February 2011 for Tennessee patients. Concurrent analysis is limited to patients enrolled after January 2011. Asymptomatic analysis is limited to controls confirmed to remain symptom free for 14 days. Numbers indicate the size of each group, given the different stratifications. CI, confidence interval; OR, odds ratio. Human bocavirus (HBoV) capsid messenger RNA (mRNA) and DNA load in nasopharyngeal and oropharyngeal swab specimens from children with community-acquired pneumonia (CAP) and controls. A, At approximately 4 × 10 4 copies/mL, the median HBoV capsid mRNA load in children with CAP was similar to that in controls. B, Median DNA load was approximately 2-fold higher in children with CAP (622 copies/mL) than in controls (375 copies/mL), but this difference was not statistically significant. However, a subset of children with CAP, as well as 2 controls, had HBoV DNA loads of 1 × 10 6 -1 × 10 9 copies/mL. C, When stratifying HBoV DNA loads by HBoV capsid mRNA positivity, median HBoV DNA loads were 100 000-1 000 000-fold higher in capsid mRNA-positive children with CAP (7.4 × 10 7 copies/mL) and controls (4.6 × 10 8 copies/ mL) than in capsid mRNA-negative children with CAP (4.8 × 10 2 copies/mL) and controls (3.7 × 10 2 copies/mL). Conversely, HBoV DNA loads were similar in capsid mRNAnegative patients and controls and capsid mRNA-positive patients and controls. Children with no HBoV nucleic acid detected are not shown.
these sensitivity analyses. Even though HBoV prevalence at the Tennessee site was approximately 3-fold lower than at the Utah site, the strength of the association between HBoV and CAP was similar at both sites and consistent across a number of sensitivity analyses. In contrast, detection of HBoV genomic DNA was not significantly associated with CAP after adjustment for age, season, and codetection of other pathogens. While high HBoV DNA load was associated with CAP, there was extensive overlap in viral loads of patients and controls. In contrast, HBoV DNA loads were consistently higher in capsid mRNA-positive children than in capsid mRNA-negative children. The presence of HBoV capsid mRNA, as a sign of active viral replication, may be a better diagnostic target than HBoV DNA for the diagnosis of active infection. Since its identification a decade ago, the etiologic role of HBoV in acute RTI in children has been controversial. Numerous patients with severe or fatal pneumonia have been described in whom HBoV was the sole pathogen detected [29] [30] [31] [32] [33] [34] [35] . However, frequent detection in asymptomatic children and common codetection with other respiratory viruses have led to questions regarding its pathogenic role [6, 9, [36] [37] [38] . Studies linking HBoV with respiratory disease have been criticized for relying on cross-sectional designs, convenience samples, and inadequate control groups and for failing to confidently exclude alternate pathogens as the cause of symptoms [9, 36] . Potential confounders include incomplete matching on age, sampling method and time of year/season, different protocols for testing of other respiratory pathogens, and selection of controls with increased risk for HBoV infection [6, 9, 10, 39, 40] . Much of the controversy is related to difficulties in identifying acute HBoV infections and excluding other potential etiologies. Because HBoV can be shed for up to 12 months and can be reactivated upon infection with other pathogens, detection of genomic HBoV DNA alone is not likely to be suitable to identify acute and clinically relevant infections [6-8, 10, 14, 16, 29, 41] . In this context, in this study the weak association of HBoV DNA in the unadjusted analysis with CAP (OR, 1.4 [95% CI, 1.0-2.0]), which was further attenuated in the adjusted analysis (aOR, 1.2 [95% CI, .6-2.4]), is consistent with the prior literature and demonstrates the limitations of viral DNA as target.
Detection of viremia, seroconversion, and high viral loads have been proposed as alternate approaches to assessing the impact of HBoV detection; each method has limitations. Viremia has been detected during acute infections in some studies but has not been widely studied [38] . Seroconversion, defined as immunoglobulin M positivity, an increase in immunoglobulin G (IgG) titer, or an increase in IgG avidity, can identify acute infections but requires serial collection of blood specimens, limiting its clinical utility [9, 42, 43] . High HBoV loads in upper respiratory tract specimens have been associated with acute infections or more-severe disease, and thresholds have been proposed (eg, 10 4 copies/mL) [9, 19, 20, 36, 38, 44] . However, viral loads in patients are highly variable and overlap significantly with those in controls, limiting the usefulness of this approach [2, 16, 19, 21] . In addition, defining thresholds is difficult, even in homogenous specimens, such as plasma or serum, as viral loads differ between test methods, requiring complex standardization [45, 46] . It is not surprising that viral load determination has led to inconsistent results in nonhomogenous specimens, such as respiratory secretions [47] .
A recent longitudinal study by Martin et al demonstrated that incident infections, defined as infections involving primary shedding of HBoV DNA, are associated with respiratory symptoms in infants, suggesting that HBoV is a true pathogen [14] . In a small study, Christensen et al detected HBoV capsid mRNA in the respiratory tract of 33 of 133 HBoV DNA-positive children with RTI but 0 of 28 HBoV DNA-positive asymptomatic children, suggesting capsid mRNA may be a marker of acute symptomatic infection [23] . Serial testing of a single patient demonstrated that viral capsid mRNA was detectable only during acute infection (ie, within 10 days of onset of symptoms), while HBoV genomic DNA persisted for an additional period of approximately 6 weeks. Studies with other parvoviruses (ie, human parvovirus B19 and canine parvovirus type 2) also indicated that capsid mRNA detection might be a marker for incident infections [24] [25] [26] . Our results support this notion, demonstrating a strong association of HBoV capsid mRNA with CAP, especially in children who tested negative for a large battery of other respiratory pathogens. In contrast to the earlier study of HBoV capsid mRNA, the present study is much larger, includes parallel testing for HBoV DNA and capsid mRNA, and used combined nasopharyngeal and oropharyngeal swab specimens. In the present study, all patients had radiographically confirmed CAP, and controls were surveyed for the development of respiratory symptoms in the weeks following specimen collection. Consistent with acute infection, detection of HBoV capsid mRNA was also correlated with higher viral DNA loads in both the present and previous studies ( Figure 3C ) [48] . Taken together, this large, prospective, multicenter case control study expands on the previous study by confirming a stronger association of HBoV capsid mRNA detection than HBoV genomic DNA detection with CAP.
Detection of viral capsid mRNA offers several advantages as a test for diagnosing recent HBoV infections. It can be performed on upper respiratory tract specimens without the need for viral load measurement. In addition, in the absence of standardized serologic tests, RT-PCR detection of HBoV capsid mRNA can be more easily implemented for epidemiologic studies.
Strengths of the present study include its large size, multisite design, strict definition of pneumonia, and thorough search for other respiratory pathogens by use of sensitive and comprehensive methods [27] . Therefore, alternate etiologies could be excluded with some confidence. By using specimens and data from a large, prospective multicenter study of children hospitalized with radiographically confirmed CAP and controls and by conducting adjusted and sensitivity analyses, this study reduces methodologic limitations that compromised previous studies.
Remaining limitations include the potential for cross-detection of DNA in the HBoV capsid mRNA assay. To address this, we designed the RT-PCR assay for HBoV capsid mRNA assay to span a splice site that removes approximately 2 kb of HBoV RNA. As a result, cross-detection of HBoV DNA is almost eliminated (Figure 1) . Performance of HBoV capsid mRNA detection tests could be further improved to eliminate cross-detection of viral DNA and optimize analytical and clinical sensitivity. Although we used a multisite design, controls were only available from 2 of the EPIC study sites and were not enrolled during the entire study period. We performed sensitivity analyses that demonstrated that these limitations did not bias results. Controls were older than children with CAP, but we adjusted for this in the analysis. In future studies, age-matched controls will help further reduce the potential confounding effect of age. Children were enrolled in the EPIC study during a 30-month period so that this study only covered 3 respiratory seasons. Despite the size of the EPIC study, we only detected 27 patients with HBoV mRNA (2.1% prevalence), potentially leading to small-samplesize bias (for comparison, the prevalences of other respiratory viruses in EPIC were 28% for respiratory syncytial virus, 27% for rhinovirus, 13% for metapneumovirus, 11% for adenovirus, 7% for parainfluenza virus, 7% for influenza virus, and 5% for coronavirus). Last, there is the potential for unmeasured confounders. Future studies across additional geographic regions and respiratory seasons will be required to confirm results.
In summary, our results provide further evidence that HBoV is strongly associated with CAP. Results correlating HBoV capsid mRNA detection with CAP were highly consistent between 2 geographically independent and climatically diverse locations across the United States, with an approximately 3-fold difference in overall HBoV prevalence. In addition to strengthening the association between detection of HBoV replication and CAP, our results suggest that detection of viral replication through RT-PCR might provide a better target for diagnosing primary HBoV disease and a tool for studying the etiologic role of HBoV.
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